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Leontief inverse, a matrix of multipliers which reflects the inputs required directly and indirectly to 152 produce one unit of output of final demand (Miller and Blair, 2009 ), is calculated. The input-output 153 model is extended with vectors for raw material inputs to each economic industry to calculate the 154 material use associated with final demand. The following approaches were applied in this research: 155 1. Hybrid LCA-IO approaches use national IO tables but integrate LCI coefficients to provide 156 multipliers for imported products which are not produced domestically and thus not 157 represented adequately in the national IO structure. For this research, we used three hybrid 158 LCA-IO approaches: 159 in the SEC approach we used a model developed by Schaffartzik et al. (2013) , which uses 160 the Austrian IO table and integrates coefficients from the GEMIS database (Öko-Institut, 161 2009) to cover the extraction and processing of materials for metal production (iron, 162 8 copper, aluminum), fertilizer production, and petroleum and gas extraction (Schaffartzik 163 et al., 2013) . 164 in the Eurostat approach we used RME coefficients for imports and exports provided by 165
Eurostat (Schoer et al., 2012a) , which are based on a detailed European IO model (166 x 166 166 industries). Just as in Schaffartzik et al. (2013) , Eurostat coefficients were developed 167 by augmenting with LCI coefficients for metal products and products from fossil fuels. 168
The coefficients derived from the European input-output structure represent European 169 averages. 170 in the Eurostat-SEC approach we combined the two approaches above. The Eurostat 171 RME coefficients are used for imports and the resulting RME of imports are introduced 172 into the SEC model to calculate RME of exports in order to use the information on the 173
Austrian IO structure which differs from European averages. oil, natural, gas, and ores and thus materials like crude oil, extracted in large amounts (1 million tons) 212
and at low prices, and like gold, used in small amounts measured in grams per capita and at high 213 prices, in one industry. The extraction of coal and peat and the extraction of sand and stones form 214 the other two mining sectors, respectively. WIOD aggregates all mining of abiotic materials in one 215 industry. The other MRIO-based approaches report fossil fuel energy carriers, metals, and non-216 metallic minerals in separate industries, sometimes even more than one for each material category 217 (see Table 1 ). Results presented below have to be understood in light of these differences in 218 aggregation where higher aggregation is considered to cause less plausible results (Bouwmeester and into account, net-imports increased considerably in all calculation approaches except for the Eurostat 250 approach (Figure 1) . The raw material trade balance (RTB = RME imports -RME exports = RIM -REX) 251 12 is around twice as large as the PTB at 7.5 t/cap in the SEC model, 8.4 t/cap in WIOD, 9.1 t/cap in 252 GTAP, and 9.6 t/cap in EXIOBASE. The results from the Eora model exceed all other calculations by far 253 and with an RTB of 21 t/cap. In the Eurostat approach, the RTB is only 0.1 t/cap, which is lower than 254 the PTB. This results from a negative trade balances for biomass and non-metallic minerals (see 255 Figure 1 ). The Eurostat RTB being lower than the PTB implies that Austria is, considering all upstream 256 requirements, supplying as many resources to the world as it consumes, suggesting that Austria's 257 imports seem to be less material intensive than its exports. emissions): GTAP (0.5 t/cap) results in an RTB only slightly higher than PTB, whereas EXIOBASE 295 delivers the second highest biomass RTB (2.6 t/cap). Eora's results are highest (3 t/cap). The result 296 from WIOD (0.7 t/cap) is closer to the GTAP result. 297
The SEC hybrid approach arrives at 0.1 t/cap of biomass RTB; upstream flows of imports and exports 298 are of similar size. The Eurostat (-1.6 t/cap) and Eurostat/SEC (-1.2 t/cap) approaches result in 299
negative RTB values, turning Austria to be a net-exporter of biomass. 300
The Eurostat approaches result in biomass RTBs which are so different from those calculated under 301 the other approaches that they raise questions about whether the Austrian production structure in 302 agriculture and forestry is possibly not well represented by average European multipliers. Higher RIM 303 and significantly higher REX in the Eurostat than the SEC approach (see Figure 2 ) may point to 304
Austrian production structures being less input-intensive than the European average in monetary 305 terms, translating to a lower material intensity as compared to average European production. The 306 extensive livestock systems in Austria's mountainous regions are an example of this. The lack of 307 disaggregation in the Austrian IO table with regard to biomass producing industries (agriculture 308 includes livestock farming and is distinguished only from forestry and fishing as biomass-extracting 309 industries) is another possible reason for the differences in results. In comparison to the EU average, 310
Austria might be producing meat in extensive farming using a high amount of grazing while crop 311 production might be less intensive than in other European countries and be associated with lower 312 upstream requirements. Due to the high aggregation of primary sectors, however, both types of 313 production are calculated to have the same upstream requirements per unit of output to final 314 demand. Following our previous example, if meat with high upstream material requirements is 315 mainly exported and crop products with relatively lower upstream material requirements meet 316 domestic final demand, the material requirements of the former would be under-and of the latter 317 over-estimated using average European multipliers. 318
A comparison between biomass RIM or REX and the respective trade flows from EW-MFA -which is 319 for the above mentioned reasons only possible for the hybrid IOs -reveals that the SEC model 320 calculates RIM and REX to be lower than the respective direct imports or exports. Mathematically, 321 this is possible, if the product of the Leontief multiplier (L) and the price (exports[$]/exports[kg]) is 322 smaller than 1, the RME of the exports will be smaller than the exports themselves. However, 323 practically this is impossible because directly traded biomass goods by definition are included in the 324 RME of imports and exports and therefore RIM and REX cannot be lower than direct trade. Also 325
Marciai and Heijungs (2014) showed that a calculation of material footprints with Input-Output 326
Tables can lead to a violation of the mass balance principle. Obviously, there are still issues to be 327 solved in the application of physical flows to monetary IO models. 328
329

Fossil energy carriers
330
Austria does not extract significant amounts of fossil energy carriers but satisfies its demand through 331 imports with a positive physical trade balance of 2.8 t/cap. The SEC and the two Eurostat approaches 332 result in fossil energy carrier RTBs lower than the PTB (Eurostat: 2 t/cap, Eurostat/SEC 2.1 t/cap, SEC: 333
t/cap). 334
In the SEC model, fossil energy RIM are 1.7 times higher than imports; in the Eurostat approach RIM 335 are 2.6 times larger than imports. Fossil energy REX are 5 times higher than exports under the SEC 336 approach and 11 times higher under the Eurostat approach. The REX calculated with average 337 European coefficients (Eurostat coefficients) results in 7 t/cap which is double the REX of the SEC 338 approach (3 t/cap). The higher sectoral aggregation in the SEC approach may cause this difference. 339
Furthermore, Austria has a higher share of hydro-power in domestic electricity production compared 340 to other European countries and no nuclear power plants. The average European coefficients might 341 not capture Austrian energy use structure well. In the SEC approach, upstream requirements of 342 imports and exports are similar, and thus the RTB of fossil energy carriers of 2.7 t/cap is only slightly 343 lower than the PTB (2.8 t/cap). The RTB in the Eurostat and the Eurostat/SEC approaches is lower 344 than the PTB, implying that exports are more fossil fuel intensive than imports to Austrian final 345 demand. 346
All MRIO approaches calculate the RTB of fossil energy carriers to be significantly higher than the PTB 347 and higher than the RTB from hybrid LCA-IO approaches. EXIOBASE calculates 4.3 t/cap of fossil 348 energy carrier RTB, GTAP 4.5 t/cap, and WIOD 4.8 t/cap. The highest RTB result comes from Eora at 349 6.4 t/cap. Since Eora and the SEC approach use the same IO table for Austria, the high difference in 350 RTB of both approaches is due to higher upstream requirements associated with imports. Eora also 351
calculates RIM to be 6.7 t/cap which is much higher than the other MRIO results, in which RIM 352
amounts to values between 4.5 and 4.9 t/cap (see Figure 2) . through the economy well. The hybrid IO-LCA models try to achieve more detail by using LCA 359 coefficients as multipliers for imported metals. 360
The SEC approach (integrating 32 LCA coefficients for metals and metal products) results in the 361 highest metal RTB, i.e. 5.3 t/cap. The Eurostat approach uses around 2500 LCA coefficients for metals 362 and delivers the lowest RTB results (0.7 t/cap). The combined Eurostat/SEC approach results in 2.6 363 t/cap which is close to the MRIO results. The MRIO approaches deal with metals differently: WIOD 364 aggregates metals, minerals, and fossil energy carriers into one sector and results in a metal RTB of 365 1.8 t/cap. Eora uses the Austrian IO table (one industry for metals and oil and gas) and thus applies 366 the same domestic structure as the SEC model. Net-imports of metal ores in Eora sum up to 3.2 367 t/cap. GTAP takes a more detailed perspective and disaggregates the metal mining industry to three 368 different industries. GTAP results in a metal RTB of 2.3 t/cap. With eight industries EXIOBASE has the 369 most highly disaggregated IO table and calculates RTB to be 2.7 t/cap. The difference between the 370 highest and the lowest estimated metal RTB is 4.6 t/cap. 371
The comparatively high RTB for metals in the SEC approach suggests that the applied LCA coefficients 372 may lead to overestimation of the RME of imports. The application of LCAs to the macro level is often 373 criticized for introducing potential for double-counting and for truncation of upstream requirement 374 chains due to system boundary definitions (Suh et al., 2010; Reap et al., 2008; Suh et al., 2004) . 375
Additionally, the aggregation of all mining of all metals into one industry is likely to mean that the 376 average distribution of all the outputs of this industry (including oil and gas) is unlikely to be equally 377 appropriate for all types of metals . A detailed discussion of 378 price inhomogeneity is provided by Weisz and Duchin (2006) . 379 380
Non-metallic minerals
381
Non-metallic minerals cover materials such as sand, stones, and clays used for construction of 382 buildings and transport infrastructure, which are extracted and used in bulk quantities, as well as 383 minerals for fertilizer production or diamonds, which are used in small amounts at much higher 384 average prices. Because of their comparatively low price per unit of mass, bulk construction minerals 385 are hardly traded and they made up 50% of domestic extraction in the European Union at the 386 beginning of the millennium (Weisz et al., 2006) . Non-metallic minerals form part of the upstream 387 requirements of many traded products through the use of infrastructure and building in the 388 production and transport process of goods and the use of construction minerals therein. This use of 389 construction materials is reflected in hybrid IO-LCA approaches through LCI coefficients but not in 390 MRIO-based approaches; in the latter, expenditure on construction minerals corresponds to a capital 391 investment and is therefore reported as a category of final demand. Other non-metallic minerals 392 appear as upstream requirements in all accounting approaches. Fertilizers, for example, are an 393 important upstream input into agricultural production. 394
In the case of Austria, half of the physical extraction of construction minerals is carried out by the 395 construction sector Milota et al., 2011; Schaffartzik et al., 2014) . 396 Therefore, the extraction of non-metallic minerals is allocated equally to the mining of sand and 397 stones and the construction sector in all approaches except EXIOBASE and Eora, which follow a 398 standard allocation of domestic extraction to primary industries (Table 1) . The results of the Eora 399 approach were additionally affected by the lower values for DE in the environmental extension 400 compared to the other approaches (i.e. 7.5 t/cap instead of 15.4 t/cap, see SI). 401
The non-metallic mineral RTB especially reflects the fundamental difference in how physical inputs 402 into building-and infrastructure-stocks, are accounted for under the hybrid IO-LCA and the MRIO-403 based approaches. Although the former approaches do account for these inputs within the 404 production structure, assumptions have to be made in the use of LCI coefficients which significantly 405 affect the results. Most significantly, choices must be made as to how construction mineral inputs 406 into stocks are distributed both over time and for co-produced products to all of the outputs of each 407 sector. Austria is a net-importer of non-metallic minerals with a PTB of 0.3 t/cap. Two models change 408
Austria to a net-exporter, i.e. the Eurostat model (-1 t/cap), which delivers the lowest results for 409 RTB, and the SEC hybrid IO model (-0.8 t/cap). EXIOBASE results in a balanced RTB (0 t/cap). All other 410 models result in a positive RTB with Austria being a net-importer. Eurostat/SEC results in 1 t/cap, 411 WIOD in 1.1 t/cap, and GTAP 1.9 t/cap. The Eora model calculates RTB to be 8.2 t/cap which is more 412 than four times higher than GTAP as the next highest result. The high Eora results are especially due 413 to high non-metallic RIM, which are more than twice as large as the other estimates. One possible 414 explanation may be the allocation of non-metallic minerals in the Eora model exclusively to the 415 mining sector while in all other approaches 50% of this material flow was allocated to the 416 construction sector (Table 1) . Additionally, also a potentially high aggregation of the mining 417 industries in some IO tables in Eora (remember that Eora combines national IO tables with a varying 418 number of industries, see Table 1) can yet be drawn. Any decision has to take into account the different perspectives and needs among 504 users, i.e. robustness, transparency, easiness to compile, temporal and spatial coverage and 505 applicability, etc. 506
Finally, we discussed the two indicators DMC and RMC next to each other and showed their different 507 but complementing perspectives. DMC represents a production or better territorial perspective 508 which is also interpreted as "domestic waste potential". Among the strengths of DMC is the easiness 509 to compile, because DMC is based on standard national statistical data; DMC can also be directly 510 addressed through national policy and legislation. RMC on the other hand is a consumption based 511 approach, referring to the global material use required to satisfy domestic final demand. By that, 512 RMC can address issues of global responsibility and a fair distribution of natural resources. With the 513 different perspectives of DMC and RMC, a relation of the two to GDP, as it is done in resource 514 25 productivity (or efficiency) indicators, provide some but different messages, which still need to be 515 better understood (conceptually and methodologically). We even conclude that neither of the two 516 indicators is a perfect counterpart to GDP. 
